which was due to the accumulation of the hydroxylated metabolite 3,3Ј,4Ј,5-Cl-4-HO-BP. This metabolite has been shown to be relatively nontoxic (compared to the parent PCB) in adult rats and chicken embryos, but it has a high affinity for transthyretin, the major thyroid binding hormone in rats. HO-PCBs, beside having the potential for estrogenic and antiestrogenic effects, have been shown to act as inhibitors of vitamin A and thyroxin transport (2, 4, 7-11, 16, 19, 20, 25, 29) . Morse et al. (20) speculated that HO-PCBs might adversely affect development in utero.
Differently chlorinated HO-PCBs have been shown to cause different effects (reference 7 and references therein). Thus, bioremediation and toxicological studies of PCBs need to focus on specific congeners and their metabolism for a valid risk assessment. Practically nothing, however, is known about the degradation of these HO-PCBs in the anaerobic environment. We were interested in the fate of the estrogenic and antiestrogenic 3,5-dichloro-4-hydroxybiphenyl (3,5-Cl-4-HO-BP) and 3,3Ј5,5Ј-tetrachloro-4,4Ј-dihydroxybiphenyl congeners (3,Ј3,5,5Ј-Cl-4,4Ј-diHO-BP). The latter compound has been shown to be a metabolite of the most toxic coplanar PCB congener, 3,3Ј,4,4Ј-Cl-BP, in mice (22, 30) . Since we are not aware of existing information on the influence of substitutions on the dehalogenation and mineralization of HO-PCBs, we assume that properties similar to those observed with PCBs determine the degradation of HO-PCB under aerobic conditions; since congener 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP lacks two suitable free carbons for the aerobic hydroxylation, it should not be readily degraded aerobically and should therefore persist under aerobic conditions (1, 12) . More highly chlorinated PCB congeners and, as we show in this report, hydroxylated derivatives can be degraded relatively quickly under anaerobic conditions via reductive dehalogenation. Reductive dehalogenation of PCBs in an anaerobic environment was first demonstrated unequivocally in 1988 (23) , based on a previous report (6) , but 10 years later and despite many attempts, no pure cultures of PCB-dehalogenating anaerobic prokaryotes have been isolated (33) ; neither was an HO-PCB-dehalogenating anaerobic culture described before this report. We report here that cell suspensions of an axenic culture of the chlorophenol-dehalogenating anaerobic bacterium Desulfitobacterium dehalogenans (32) can reductively dehalogenate para-hydroxylated PCB derivatives, 4-hydroxylated and 4,4Ј-dihydroxylated PCBs containing chlorine substituents adjacent to the hydroxyl groups in the absence of any soil or sediment-like matrixes. D. dehalogenans exhibits a high substrate specificity and dehalogenates only chlorines from phenols and hydroxylated aromatic compounds when they are positioned adjacent to the hydroxyl group. In contrast to this substrate specificity, D. dehalogenans is an anaerobe which can utilize a wide spectrum of traditional electron acceptors (the reduced product is given in parentheses), such as sulfite (3 sulfide 
MATERIALS AND METHODS
Microorganisms and culture conditions. D. dehalogenans type strain JW/IU-DC1 (DSMZ 9161) (32) or strain XZ-1 (ATCC 700041) (34) was obtained from our laboratory strain collection. Cultures were grown in prereduced anaerobic medium prepared under standard anaerobic conditions (modified Hungate technique) as described previously (17) . Minimal medium (32, 35) was supplemented with 0.1% yeast extract, 0.1% sodium bicarbonate, and 10 mM sodium pyruvate (filter sterilized) as carbon and energy source and 3 mM 3-chloro-4-hydroxyphenylacetic acid (Aldrich Chemical Co., Milwaukee, Wis.) as additional electron acceptor. 3-Chloro-4-hydroxyphenylacetic acid is a para-substituted chlorophenol (2-chloro-4-methyl carboxyphenol) which induces the ortho dehalogenation activity in D. dehalogenans, but it is much less toxic for the bacterium and thus can be supplied in higher concentrations than can the 2,4-or 4-chlorophenol. It is one of the best-utilized electron acceptors for D. dehalogenans (31, 32) .
Dechlorination assay. Dechlorination assays were performed in cell suspensions from cultures harvested in the late exponential growth phase by centrifugation in closed stainless steel tubes under exclusion of oxygen at 7,000 ϫ g at 25°C for 20 min. The cells were resuspended in 40 mM sodium potassium phosphate, pH 7.2, and washed twice under anaerobic conditions with a Micro Centrifuge 5415 C Eppendorf centrifuge (full speed) kept in an anaerobic chamber (Coy Laboratories Products, Inc., Ann Arbor, Mich.). The volume of the anaerobic assay mixture was 1.2 ml, which contained 40 mM phosphate, 15 mM pyruvate as an electron donor, and cell suspension as indicated in the figure legends. The assay was started by addition of the cell suspension, and the mixture was incubated at 25°C in the anaerobic chamber. The reaction was stopped by adding 150 l of 95% ethanol to 100-l aliquots taken at different time points.
Chemical analyses. 3-Chloro-4-hydroxyphenylacetate and its dechlorination product, 4-hydroxyphenylacetate, were measured by high-performance liquid chromatography (HPLC) (Waters 510 HPLC pump, Perkin-Elmer LC600 autosampler, Waters 490E programmable multiwavelength detector, and Shimadzu C-R3A Chromatopac integrator) with a C 18 column with methanol, acetic acid, and water (in a ratio of 65:2:33 [vol/vol/vol]) as mobile phase. Other chlorinated aromatic compounds and their dechlorination products were analyzed with a Hewlett-Packard 1050 HPLC system with a C 18 reverse-phase column and a diode array UV detector. The UV spectrum of each detected HPLC peak was recorded and used for identification of dechlorination products. The mobile phase (flow rate, 0.5 ml/min) was 65% methanol and 35% acetic acid (2% [vol/vol]). For 3,4Ј,5-Cl-4-HO-BP and its dechlorination products, a mobile phase composed of 75% methanol and 25% acetic acid (2% [vol/vol]) was used. The column temperature was 40°C. The wavelength of the UV detector was 282 nm for 2,4-dichlorophenol (2,4-DCP) and its product and 265 nm for hydroxylated PCBs and their dechlorination products. Authentic standards were used for identification when available (ChemService, West Chester, Pa.), but in addition all hydroxylated PCBs and their dechlorination products were identified by gas chromatography (GC)-mass spectroscopy analysis.
Trimethylsilyl derivatives of HO-PCBs. Samples containing chlorinated aromatic compounds were extracted with methylene chloride and converted to their trimethylsilyl derivatives. Placed in a 5-ml vial, the mixture for the derivatization reaction contained the methylene extract, 0.1 ml of pyridine, 0.2 ml of BSTFA (bis [trimethylsilyl] trifluoroacetamide; dehydrated by addition of anhydrous sodium sulfate), and 1% trimethylchlorosilane (Sigma Chemical Co.). The reaction mixture was incubated in a heating block at 75°C for 15 min. Samples were analyzed by using a Hewlett-Packard 5890 Series II gas chromatograph equipped with an electron capture detector and a DB-1 column (J & W Scientific, Folsom, Calif.). The temperature program raised the temperature from 50 to 150°C at a rate of 10°C/min and then to 280°C at a rate of 20°C/min, and the temperature was then held at 280°C for 3 min, resulting in a total run time of 19.5 min. Identities of the standards and isolated compounds from the culture were confirmed and identified by comparing their mass spectra with those in the HewlettPackard G1033A National Institute of Standards and Technology probabilitybased matching library. 
RESULTS AND DISCUSSION
Rapid dechlorination of 3,5-Cl-4-HO-BP, 3,4Ј,5-Cl-4-HO-BP, and 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP was observed in cell suspensions of either the type strain JW/IU-DC1 (Fig. 1) or strain XZ-1 (data not shown). The observed maximal rates of dechlorination (about 10 mmol of 3,5-Cl-4-HO-BP ⅐ mg of cell protein Ϫ1 ⅐ h Ϫ1 in the concentration range of 20 to 90 M) were comparable to that obtained for 2,4-DCP. The time courses of the dechlorination of 3,5-DC-4-HO-BP and of 2,4-DCP (Fig. 1) exhibited nonlinearity in the semilogarithmic plots, indicating that the dechlorination did not exactly follow first-order kinetics. Preincubation in the presence of pyruvate and 45 g (0.14 mM) of chloramphenicol per ml did not change the course of the dechlorination (data not shown; data include proper controls for the inhibition of protein synthesis, i.e., formation of dehalogenase in cells grown with pyruvate in the absence and presence of chlorophenolic compounds), indicating that the effect was not due to further induction of the dehalogenating enzyme system or growth during the time course of the experiment. Activation of presynthesized, inactive enzyme cannot be excluded at this time. The meta-chlorinated-para-hydroxylated biphenyls (e.g., 3,3Ј,5,5Ј-Cl-4,4Ј-HO-BP) can also be viewed as ortho-chlorophenols carrying a second phenyl group in the para position of the phenol. Thus, based on the following results, we concluded that the 4(4Ј)-hydroxylated-3(3Ј),5(5Ј)-chlorinated biphenyl congeners were dechlorinated by the chlorophenol-dehalogenating system of D. dehalogenans. (i) The dehalogenating system is induced during growth in the presence of some ortho-chlorophenolic compounds such as 2,4-DCP or 3-chloro-4-hydroxyphenylacetate (which is also a 4-carboxymethyl-2-chlorophenol) (31, 32, 36) .
(ii) As demonstrated previously (31), D. dehalogenans dehalogenates an unusually wide range of 4-substituted chlorophenols. (iii) When, prior to the assay, D. dehalogenans cells were treated with chloramphenicol, preventing protein de novo synthesis, they still dehalogenated the 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP as long as the cells had been grown in the presence of chlorophenols, which induces the chlorophenol-dehalogenating enzyme activity (e.g., 2,4-DCP or, as used in this instance, 3-chloro-4-hydroxyphenylacetate). (iv) The concomitant dehalogenation of 2,4-DCP to 4-chlorophenol reduced the rate of the dehalogenation of 3-Cl-4-HO-BP presumably through competition for the active site of catalysis. The observed maximal rate of about 4.5 mmol ⅐ mg of cell protein Ϫ1 ⅐ h Ϫ1 for the dechlorination of the symmetrical compound 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP, containing the highest degree of chlorination among the tested compounds, was lower than that for 3,5-diCl-4-HO-BP but still higher than that of the less substituted 3,4Ј,5-Cl-4-HO-BP (i.e., the additional presence of a para-substituted chlorine in the nonhydroxylated ring decreased the dechlorination rate to the same rate as found for the monochlorinated 3-Cl-4-HO-BP congener. Based on these data and results of a previous (31) structure-function analysis for various substituted halogen-containing phenolic compounds dehalogenated by D. dehalogenans, we conclude that these data also suggest that the different substitutions of the tested hydroxylated biphenyls influence the dehalogenation rates through both electronic and steric effects. The electronic effects include the different mesomeric and inductive effects of the substituents on the aromatic electrons and thus determine the tendency of the halogens to leave the substituted aromatic ring as an anion, whereas the steric effects describe the changes in the substrateenzyme interaction caused by the changes in the substrate structure and thus in the formation and stability of the enzymesubstrate complex.
3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP was dechlorinated sequentially to 4,4Ј-HO-BP (Fig. 2) . The occurrence and disappearance of the intermediates and appearance of the final product were monitored by HPLC and GC analysis combined with mass spectroscopy of trimethylsilyl-derivatized and nonderivatized samples (Fig. 3) . The final concentration of 4,4Ј-diHO-BP reached over 90% of the initial concentration of the parent compound, 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP, indicating a stoichiometric and complete sequential dechlorination. The three possible dichlorinated products from dehalogenation of 3,3Ј,5-Cl-4,4Ј-diHO-BP are 3,3Ј-, 3,5-, and 3,5Ј-Cl-4,4Ј-diHO-BP; however, one can assume that the carbon-carbon bond between the two phenyl rings can rotate freely, and thus, the 3,3Ј-and 3,5Ј-Cl-4,4Ј-diHO-BP isomers are identical compounds. Since authentic standards and library mass spectra of the two different diCl-4,4Ј-diHO-BP isomers were not available, we could demonstrate only that, based on the mass spectra of the two wellseparated GC peaks (at 16.4 and 17.36 min), two different diCl-4,4Ј-diHO-BP compounds were formed in roughly the same amount, indicating that both dechlorination pathways are used. We could not assign, however, the specific congeners to the two GC-detected compounds, observed in both trimethylsilyl-derivatized and nonderivatized samples. As with several FIG. 3 . Mass spectra (average of 10 scans) of the well GC separated intermediates in the sequential dechlorination of 3,3Ј,5,5Ј-Cl-4,4Ј-diHO-BP. Mass charges of the molecular ions for compounds were 220, 254, 288, and 322, respectively. The values match the expected mass charges of molecular ions from 3-Cl-4,4Ј-diHO-BP (A), the two predicted diCl-4,4Ј-diHO-BP compounds (but without being able to annotate the two by GC-separated compounds) (B), and 3,3Ј,5-Cl-4,4Ј-diHO-BP (C). In samples taken at 20 min, i.e., before significant further dechlorination of the dichloro-congeners occurred (Fig. 2) , the ratio of the peak areas for the GC-separated diCl-4,4Ј-diHO-BPs was 1:1.1, indicating that both congeners were formed in approximately equal amounts.
other congeners containing the same degree of halogenation, the two congeners yielded identical mass spectra ( Fig. 3 and 4) . The m/z for 3,4Ј-Cl-4-HO-BP and 4Ј-Cl-4-HO-BP, the dechlorination products of 3,4Ј,5-Cl-4-HO-BP, were 238 and 204, respectively. Similar to 4,4Ј-dihydroxy-PCBs, the 3,4Ј,5-Cl-4-HO-BP congener was sequentially dehalogenated to 3,4Ј-Cl-4-HO-BP and to 4Ј-Cl-4-HO-BP (data not shown). The dechlorination rates decreased with decreasing chlorine substitution on the hydroxylated ring. This can be explained by the assumed mechanism of reductive dehalogenation (reference 3 and references therein), i.e., that in comparison to chlorines in highly chlorinated rings fewer chlorine substituents will cause less of an increase in the density of the -electron system and thus a decrease in the tendency of chlorine substituents of mono-or dichlorinated phenyl rings to leave as chloride anions. Furthermore, chlorine substituents on the nonhydroxylated ring were not removed from this congener or from 2,3,4,5-Cl-4Ј-HO-BP. These data are in agreement with the previous findings that D. dehalogenans removes only halogens positioned ortho to a phenolic hydroxyl group (31) but that the carbon in para position to the phenolic hydroxyl group can be substituted with a great variety of substituents and, as we have shown here, even with such bulky groups as substituted phenyl rings.
Besides the para-hydroxylated congeners mentioned above, two ortho-hydroxylated congeners, 3-Cl-2-HO-BP and 3,5-Cl-2-HO-BP, were tested, but no dehalogenation was observed. During the time required to completely dehalogenate the other chlorinated 4-HO-PCBs, besides the ones for the tested substrate, no further peaks were observed in the HPLC chromatograms or in the gas chromatograms, which would indicate the occurrence of dehalogenation or other transformation reactions. Thus, we conclude that the bulky phenyl ring in the ortho position to the hydroxyl group prevents the correct interaction between the hydroxyl group and the enzyme and thus a proper binding of these congeners to the dehalogenating enzyme of D. dehalogenans does not occur. We found no indication that D. dehalogenans can metabolize 4-HO-BP, 4,4Ј-diHO-BP, or dechlorinated phenols. Unfortunately, the corresponding 3-, 3,3Ј-, and 3,4-hydroxy-PCB congeners with chloro-substituents adjacent to the hydroxyl group (analogues to 2,6-dichloro, 3-substituted phenols) were not available to us for testing.
D. dehalogenans is easy to grow and to maintain since it uses halogenated phenolic compounds as electron acceptors in preference to other electron acceptors such as sulfite or nitrate (32) . Thus, it should be possible to use this or similar bacteria in biofilters to eliminate estrogenic and antiestrogenic HOPCBs from polluted agricultural or industrial waste streams and thus from potential resources for drinking water as mandated by the Safe Drinking Water and Food Quality Protection Act.
